The largest source of positioning error for single-frequency users of the Global Navigation Satellite System (GNSS) is typically the radio delay caused by the ionosphere. Although several analytic function-based models for correcting ionospheric errors are available, grid-based models are preferred because of their high estimation accuracy and low complexity. We propose an adaptive ionospheric pierce point cut-off radius control algorithm for the high-resolution, grid-based correction of ionospheric errors. The proposed scheme adjusts the IPP cut-off radii by comparing the target IPP densities with the current effective densities. Simulation results show that our method gives the required effective IPP density using this cut-off radius control, thus improving the accuracy and availability of the correction service. It is expected that the proposed scheme will make high-resolution, grid-based ionospheric correction available for Korean satellite navigation systems with a local distribution of ground reference stations. System development costs will also be reduced since it will require fewer reference stations.
Nomenclature 0 IPP : geographic latitude of the ionospheric pierce point ! IPP : geographic longitude of the ionospheric pierce point IPP : angle subtended at the center of the Earth between the receiver position vector and the Earth's projection of the ionospheric pierce point I i vert : vertical ionospheric delay of the ith ionospheric pierce point OF: obliquity factor I j vert : vertical ionospheric delay at the jth ionospheric grid point GIVE j : grid ionospheric vertical error at the jth ionospheric grid point " i : measurement error of the ith ionospheric pierce point Á: empirical distance correlation factor ' 2 i : vertical ionospheric delay measurement variance N i ðnÞ: effective ionospheric pierce point density at ionospheric grid point i at time n N Ã i : target effective ionospheric pierce point density at ionospheric grid point i ! i ðnÞ: effective ionospheric pierce point density variation at ionospheric grid point i during the period ½n; n þ 1Þ " i ðnÞ: cut-offed effective ionospheric pierce point density at ionospheric grid point i at time n D i ðnÞ: difference between N Ã i and N i ðn À 1Þ
Introduction
The Global Navigation Satellite System (GNSS) is a satellite-based navigation system that provides users anywhere in the world with highly accurate positioning solutions at any time. However, the GNSS alone cannot meet the levels of position accuracy, availability, and integrity required by aircraft navigation standards. Hence, it should be augmented for such critical applications. 1) A representative wide-area GNSS augmentation system is the Satellite-based Augmentation System (SBAS). The first SBAS, the Wide-area Augmentation System (WAAS), was introduced by the U.S. in the early 1990s, providing coverage of the continental United States (CONUS) region.
2) The European Geo-stationary Navigation Overlay System (EGNOS), developed by the European Space Agency, has been officially operational since 2010, 3) and the Japanese Multifunctional Transport Satellite (MTSAT) Satellite Augmentation System (MSAS) was commissioned in 2007. 4) Countries such as Russia, China, and India are also developing their own augmentation systems. Moreover, as per an International Civil Aviation Organization (ICAO) directive, every member country should have a primary system for aviation in the future.
5) The South Korean Ministry of Land, Infrastructure and Transport will begin the development of a Korean SBAS (K-SBAS) in 2014. The ultimate goal of K-SBAS is to provide position and time information that satisfies navigation performance requirements for a variety of GPS users over the Korean service region.
The ionosphere is the largest remaining source of error affecting GNSS. It also has some of the least predictable spatial and temporal variations. To allow users to compensate for this error, the SBAS broadcasts a grid ionospheric vertical delay/error (GIVD/GIVE) using geostationary satellite links. 6) © 2015 The Japan Society for Aeronautical and Space Sciences + The success of K-SBAS depends on the continuous and accurate real-time estimation of ionospheric corrections over the whole K-SBAS service area. Fortunately, being located in the mid-latitude region, South Korea rarely experiences disturbed ionospheric conditions, such as large diurnal and seasonal variability or intense ionosphere irregularities such as equatorial anomaly conditions. Hence, the ionospheric delay can be adequately estimated using thin-shell approximation. 7, 8) The weighted least squares (WLS)-based grid model is a typical grid model used in SBAS, and is weighted by the GPS Klobuchar ionospheric model. 6, 9) To provide more accurate and reliable ionospheric correction information in a high-resolution grid model, it is essential to maintain a sufficient number of effective ionospheric pierce points (IPPs) for estimation processing at an ionospheric grid point (IGP).
In this paper, we propose an alternative that employs an adaptive IPP cut-off radius control algorithm, enabling K-SBAS to provide high-resolution, grid-based ionospheric error correction. The WLS model estimates the vertical delay at a selected IGP by measuring the delays of surrounding IPPs and computing their weights. IPPs closer to the selected IGP will be more heavily weighted, as they have a greater correlation with the IGP delay than IPPs father away. Therefore, only IPPs lying within a specified maximum distance from the IGP are considered in the delay estimation. The geography of the Korean Peninsula makes it difficult to form a wide distribution of reference stations, and thus the number of effective IPPs for any IGP within the K-SBAS service area may be insufficient for the computation of GIVD and GIVE. Furthermore, since the K-SBAS target service area may be local, a smaller grid size can be employed. Therefore, rather than considering the general 5 Â 5 grid, the proposed scheme provides a 1 Â 1 high-resolution, grid-based ionospheric correction service. Our method individually adjusts the IPP cut-off radii of IGPs by comparing the pre-assigned target IPP density of each IGP with its current effective IPP density, and then maintains the effective IPP densities at a preferred level. When a grid resolution of 1 Â 1 is applied across the Korean service region using the conventional WLS model, the IPP density at any IGP is less than or equal to 10, and the density required to compute the delay is only attained at a few IGPs towards the center of the service area. Even if the distribution of reference stations is limited, the IPP density at all IGPs over the service area should be sufficient to meet the accuracy and availability requirements of the system. Our proposed method takes into account the IPP density and its variation, and controls the cut-off radius until the required IPP density is achieved. Simulation results show that the proposed scheme can meet the expected service availability requirements of 99.9% of K-SBAS with a high-resolution grid model.
Vertical Ionospheric Delay in a Grid Model

Grid model
The grid-based vertical ionospheric delay model dealt with in this paper was developed by MITRE Corporation and Phillips Laboratory of the U.S. Air Force. The ionospheric delay grid is fixed in the solar magnetic reference frame because the ionospheric electron density is relatively stationary in this frame. A network of pre-specified IGPs is distributed uniformly on the ionosphere slab, and the vertical ionospheric delays at IGPs are then estimated. Thereafter, gridbased corrections are broadcast to users in real time. After receiving the ionospheric corrections, users employ a prespecified interpolation algorithm to obtain the appropriate ionospheric delay at the relevant IPP. [10] [11] [12] 
Ionospheric pierce points
IPP locations are determined from a reference station location and the corresponding elevation and azimuth angles of visible satellites. Given the coordinates of a reference station receiver and the ephemeris for all satellites, the geographic latitude and longitude (in degrees) of an IPP in the mid-latitude region can be computed as 13) :
where ð0 r ; ! r Þ are the geographic latitude and longitude of the reference station receiver or user receiver, as shown in Fig. 1 , A and E are the azimuth and elevation angles of visible satellites, respectively, R e is the Earth's equatorial radius (6,378.1363 km), and h iono is the ionospheric thin-shell height (350 km).
Estimation of vertical delays at IPPs
Each reference station measures the ionospheric delay for each IPP using a dual-frequency receiver. After the inter-frequency bias (IFB) has been estimated and calibrated, ionospheric delay measurements can be derived from the linear combination of the GPS L1 and L2 code and carrier-phase observables.
14) Thereafter, the dual-frequency, carriersmoothing algorithm is applied to reduce the effect of pseudo-range noise. Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 3, 2015
2.4. Computation of vertical delays at an IGP using the WLS method For each IGP, the vertical ionospheric delay can be estimated using the WLS grid estimator weighted with a nominal ionospheric delay model, such as the GPS Klobuchar model or Galileo NeQuick model. 16, 17) This approach estimates the vertical delay and its error bound at each grid point, allowing better monitoring of local disturbances and more robust integrity monitoring. Moreover, the WLS estimator is easy to implement and less computationally expensive than other estimators because there is no complex matrix inversion. If all IPP measurements are collocated at a grid point, the inverse of the measurement variances can be considered as the weights of the IPP measurements. However, the IPPs are generally scattered around an IGP, and therefore a nominal ionospheric delay model is employed to shift the measurements to the location of the IGP, as shown in the following equation 6, 15) :
where I i nomi vert and I j nomi vert are the predicted vertical ionospheric delay at the ith IPP and jth IGP, respectively, as estimated using a nominal ionospheric delay model. " Along with the WLS estimation of the vertical delay at each IGP, the GIVE can be estimated as 6, 15) :
for 99:9% confidence ð7Þ
The measurement error must be increased to account for the error in the nominal model:
Here, the distance correlation factor " depends on the correlation distance of the ionosphere 6) :
where d ij is the distance between the ith IPP and the jth IGP, and D is the grid spacing (e.g., for a 1 Figure 2 shows the weighting magnitudes of a typical WLS grid estimator with the empirical correlation factor Á of Eq. (9) for IPP distances with respect to three different grid resolutions. The weighted values vary depending on the IGP separations. From Fig. 2 , it is clear that the maximum radii are 3,500 km, 1,750 km, and 700 km for 5 , 2:5 , and 1 grid spacings, respectively. That is, only IPPs that are less than these specified maximum distances from the IGP are used to estimate the delay with their weights.
The vertical delay measurement variance is a function of the IFB calibration, carrier smoothing, and obliquity conversion:
where " 2 smooth is the carrier-phase smoothing variance, and " 2 IFB is the IFB calibration variance. The exponential function accounts for the OF conversion error at low satellite elevation angles. Figure 3 illustrates the vertical delay measurement variance magnitude for different satellite elevation angles when " smooth ¼ 0:3 m and " IFB ¼ 0:5 m. 6, 14, 18) In this paper, we adjust these empirical values to compute the GIVE values.
Target Service Area and Grid Resolution
The service area and number/position of the reference stations for K-SBAS are yet to be determined. Therefore, in this paper, we assume that the K-SBAS target service area is a disc with a radius of 1,000 km centered at Seoul (i.e., Trans
E120
-E135 , N30 -N45 ), and consider five reference stations in South Korea, as shown in Fig. 4 and Table 1 .
Using these reference station coordinates, we conducted simulation tests. A series of 24-channel GPS signals and 27-channel Galileo signals were generated with a 1 min sampling rate for 24 h. We used the GRANADA software simulator 19) because Galileo signals are not currently being broadcast. Figure 4 illustrates a snapshot of the distribution of GPS and Galileo IPPs with the generated signals. Note that the IPPs are scattered, and the IPP density of the northern region (far away from the reference stations) is very low. The accuracy of the modeled vertical ionospheric delays at each IGP and the GIVE are functions of the effective IPP density and grid size. The U.S. WAAS grid model has a low grid resolution of 5 Â 5 . A high-resolution grid model is capable of providing more accurate ionospheric correction data and integrity information than a low-resolution grid model because it can react to any local ionospheric variations more rapidly. 20 ) Therefore, we consider a correction service with a high grid resolution of 1 Â 1 . Table 2 lists the number of IGPs and the maximum radius for grid resolutions over the target service area under a typical WLS grid estimation method. lution, and so 256 separate lines are drawn in this plot. At a resolution of 1 Â 1 , any IGP located at the edge of the service region had 10 or fewer effective IPPs. The estimated error in the vertical ionospheric delay at the corresponding IGP increased, degrading the total system availability over the whole service region. Thus, it is important that such edge IGPs should maintain an appropriate effective IPP density to ensure service availability.
An Adaptive IPP Cut-off Radius Control Algorithm
We now propose an adaptive IPP cut-off radius control algorithm to improve the availability performance of high-resolution, grid-based ionospheric correction. The proposed control technique maintains the effective IPP density of a specific IGP at a preferred level by adjusting the IPP cutoff radius. To this end, the difference between the target IPP density assigned to that IGP and the current effective IPP density is taken into account. The control algorithm consists of the following steps:
Step 1: Assign a target IPP density to each IGP
Step 2: Check the difference between the current effective IPP density and the target IPP density Step 3: Control the IPP cut-off radius and, if the target IPP density is not attained, return to Step 2 Note that the target IPP density assigned to each IGP and the controlled IPP cut-off radius are predetermined by an IPP distribution analysis over the service range according to the service requirements.
System modeling and proposed control algorithm
Using the previously defined nomenclature, the effective IPP density at IGP i can be described as follows:
Using D i ðnÞ, the proposed algorithm estimates the cutoffed effective IPP density at IGP i at time n þ 1.
Thus, " i ðn þ 1Þ can be written as follows:
Then, the IPP density at IGP i at time n þ 1 is:
where is the control gain that determines the transition time for the target IPP density. Figure 8 shows the flowchart of the proposed algorithm. The effective IPP density at each IGP is calculated using the GPS and Galileo signals received from visible navigation satellites. If the current effective IPP density used for the computation of GIVE is different from the already-assigned target IPP density at each IGP, the cut-off radius of the corresponding IGP is adjusted to make the effective IPP density the same as the target IPP density. If the effective IPP density is less (more) than the target IPP density, the cut-off radius increases (decreases). The adjustment in cut-off radius is predetermined by analyzing the IPP distribution over the service range.
Determination of the target IPP density
Determining the target IPP density values assigned to each IGP is very important because IPP cut-off radii and system performance are ultimately determined from these parameters. The appropriate target IPP density values actually depend on the distribution of IPPs and the expected performance requirement; particularly the expected GIVE value for IGPs. From Eq. (7), we see that the GIVE is closely related to the effective IPP density used during computation. Figure 9 presents GIVE values with respect to the effective IPP density for different satellite elevation angles under the assumption that the distances between an IGP and IPPs are fixed. If the distances between an IGP and all IPPs are equal, a higher IPP density implies better performance. However, it is not easy to obtain a sufficient IPP density with a high-resolution grid. Furthermore, as the cut-off radius continuously expands to obtain a higher IPP density, decorrelations between an IGP and surrounding IPPs increase. As a result, the accuracy of the delay estimations is degraded. In this paper, we assume the target IPP density to be 10, satisfying our expected GIVE value of 0.5 m for all elevation angles. As shown in Fig. 9 , when the effective IPP density is greater than 10, the GIVE value tends to decrease slightly. In con- Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 3, 2015 trast, when the effective IPP density is less than 10, the GIVE values tend to increase sharply regardless of the satellite elevation angle. Thus, the effective IPP density at each IGP should be maintained above 10 to enable high-resolution grid ionospheric corrections. To obtain better estimation performance, it is necessary to increase the target IPP density to the appropriate level to minimize this degradation in estimation accuracy.
Stability analysis for the proposed algorithm
We assume that the variation in IPP density is piece-wise constant with few jumps, so that the transient of the system is stable between two consecutive jumps. Thus, without loss of generality, we need only consider the case of fixed IPP density variations (i.e., ! i ðnÞ ¼ ! is 8n) for the theoretical stability analysis. Note that the system defined by Eqs. (11)- (14) has the equilibrium point:
Let X i ðnÞ be the state vector of IGP i. This can be represented as:
From Eqs. (11)- (14), we obtain the state equation:
and characteristic equation:
Applying Jury's stability test, if > 0, the origin given by Eq. (17) is asymptotically stable. Hence, the equilibrium point indicated by Eq. (15) is asymptotically stable if > 0.
GIVE Availability Performance Test Results
The GPS and Galileo signals produced using the aforementioned Granada SW simulator were used to analyze the availability improvement of ionospheric correction using the proposed algorithm. A general GIVE threshold of 2 m was applied to provide an accurate ionospheric correction service. Figure 10 shows the 1 Â 1 high-resolution GPS and Galileo GIVE availability map obtained using the conventional WLS algorithm. When the service was limited to South Korea, a high service availability of close to 100% was achieved, although availability was lower around the edge of the target service area. This is because SBAS reference stations were installed only within South Korea, and hence, there were insufficient effective IPPs to generate ionospheric correction information. In particular, the GIVE availability of northern IGPs located far from the reference stations was very low.
As shown in Fig. 11 , a low-resolution grid with 5 grid spacing achieves very high availability over the whole service area, whereas a high-resolution grid with 1 grid spacing meets the required availability of 99.9% in only 65.2% of the whole service area. Thus, if the typical WLS technique is applied, the availability requirement cannot be met over the whole service area using a high-resolution grid.
However, as shown in Figs. 12 and 13, when the proposed IPP cut-off radius control technique was applied with N Ã i ¼ 10 at all IGPs, high-resolution ionospheric correction produced high availability performance over the whole service area. This means that the proposed technique provides more accurate ionospheric correction information than the WLS technique. This high accuracy is a result of the proposed control technique achieving the target effective IPP density required to compute GIVE values at IGPs located at the edge of the service region. Therefore, the proposed technique remains effective when reference stations are installed in a limited local area (e.g., South Korea). It is expected that the proposed scheme will make high-resolution, grid-based ionospheric correction available for SBAS using locally distributed reference stations. This will enable system development cost to be lowered by reducing in the number of reference stations required.
Conclusion
We developed a modified WLS estimation method using an adaptive IPP cut-off radius control algorithm. The pro- Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 3, 2015 posed technique improves the availability of high-resolution grid ionospheric corrections for K-SBAS using GPS and Galileo signals. We considered the K-SBAS target service area and reference station coordinates in a simulation, and generated 24-channel GPS signals and 27-channel Galileo signals using the GRANADA simulator for the analysis and algorithm performance test. At a high grid resolution of 1 Â 1 over the Korean Peninsula service area, the conventional WLS model gives very low effective IPP densities at IGPs near the edge of the service area, and cannot meet the required availability performance level of 99.9% over the whole area. However, the proposed method is capable of maintaining the required effective IPP density of all IGPs by means of IPP cut-off radius control, enabling the provision of a high level of service availability over the whole area. 
